Introduction -design and application area
Electric fuel pumps are indispensable to build-up some positive pressure (ca. 0.02 to 0.04 MPa) of fuel supplied to a mechanical fuel pump of the main aircraft engine. Authors of this paper refrain from the intention to analyze how much and under which circumstances incorrect operation of the electric fuel pump affects the safety of aircraft flights. It is enough to mention that failure of that pump may entail troubles with sound operation of the engine or even its flameout. In case of shorts in the electric circuit of the pump or low fuel level there is also an explosion risk of fuel fumes. In many design solution of aircrafts the fuel pumps perform other important functions, such as:
-are involved in the fuselage balancing since they transfer fuel during takeoff and landing operations, -are incorporated into the cooling system since they force transfer of fuel via a fuel and air heat exchanger (the ECN-91C pump for the Su-22 aircraft), -participate in pressurized toping up of fuel tanks.
The authors of this paper who are experienced electric engineers focused their attention on the events of electric pump failures. Major types and variations of such pumps are outlined with comparison between details of their design concepts. Particular attention is paid to malfunctioning of such pumps and feasibility of diagnostics and monitoring surveillance to these pumps.
Electric fuel pumps are split into the electric motor and the hydraulic part ( Fig. 1) . Fig. 1 . The 495B pump -cross-section: 1 -flow direction of aircraft fuel, 2 -outlet (output) forcing nozzle of the fuel supply system, 3 -body of the pump hydraulic part, 4 -centrifugal turbine of the fuel pump, 5 -flow direction of air passing through the ventilation duct, 6 -lid of the ventilation duct, 7 -ventilation gap, 8 -electric connector of the cable bundle, 9 -cover (top plate) of the aircraft fuel tank, 10 -fuel strainer mesh, 11 -stator of the electric motor, 12 -rotor of the electric motor, 13 -aluminium housing (hood) of the electric motor, 14 -aircraft fuel, 15 -common shaft of the electric motor and the fuel turbine, 16 -support body for the electric motor. 11. 12. 13. 14.
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The motor part is tightly isolated from the hydraulic unit. The electric motor that comprises its stator ( fig.1, item 11 ) and rotor (12) is mounted on the common shaft with the centrifugal turbine (4) . The centrifugal turbine is the simplest design of any fuel pump since it offers high structural tolerances to high play and manufacturing imperfections. Fuel (14) is preliminarily purified by the fuel strainer that comprises a brass mesh (10) and the supplied to the central part of the centrifugal turbine. The rotating turbine expels the fuel outside by means of the centrifugal force with some positive pressure so that is reaches the outlet nozzle (2) that is connected to the fuel supply system of the aircraft.
A very important issue is cooling of the electric pump that drives the fuel pump. It can be achieved in two ways: -liquid cooling -the electric motor is encapsulated within a thin-walled housing (cap) (13) that is immersed into aircraft fuel that enables cooling of electric and magnetic components during their operation, owing to thin walls of the cap the dissipated heat is transferred via the housing walls with only slight inertia, -air cooling -a dedicated riser head covered with a lid (6) is cast at the cable duct nearby the electric connector of the cable bundle (8) . The cover is tightly bolted to the riser during transportation. Prior to installation one has to unscrew bolts that fix the lid to the riser and reinstall the gaskets to leave an air gap with the width from 0.2 to 3 mm between the lid and the riser, depending on the pump type. That gap enables penetration of cold atmospheric air into the electric motor interior.
Design features of electric pumps
Fuel pumps designed in countries of former Soviet Union incorporate DC motors supplied from the on-board 28 V DC electric network (Fig. 2) . On the other hand, manufacturers from countries of Western Europe and the USA prefer three-phase motors (Fig. 3) supplied from the on-board three-phase 115/200 V AC, 400 Hz network. The AC motor supplied from the on-board three-phase 115/200 V AC network, with the same power provided for the centrifugal fuel pump, feature much less weight and overall dimensions than the respective motors supplied from the 28 V DC network. It can be easily explained, since generation of a specific amount of usable power by an electric motor needs consumption of electric power sourced from the electric network. That electric power is designated as P and can be expressed by the formula: η -efficiency Any increase of the voltage U is associated with drop of the electric current I. However, for thermal strength of electric machinery the more important parameter is the electric current density calculates as:
where: S -cross-section area of a conductive wire in a winding of an electric current motor.
For windings of electric machines the value of electric current density should be maintained at the level of 2 to 3 A/mm 2 . Thus, if a specific mechanical power is required from to pump to transfer fuel to the engine, it needs the amount of electric power according to the formula (1) . With the growth of the power supply voltage the electric current in the motor windings can be reduced and, according to the formula (2), in enables use of winding wires with less cross-section area (lighter weight of motor windings), needless to say that three-phase AC motors need no heavy commutator along with a brush module.
All in all, electric fuel pump driven with DC electric motors are nearly twice heavier and feature a larger overall dimensions than the pumps with three-phase 115/208 V AC voltage. For instance, the height of pumps supplied with the 28 V DC voltage ranges from 200 mm to 480 mm and the diameters may vary from 100 to 300 mm. The corresponding pumps supplied with the three-phase 115/208 V AC voltage are from 50 to 200 high with the diameters from 60 mm to 100 mm.
Therefore the question arises why for aircrafts, where designer struggle for any excessive kilogram of the weight, electric fuel pump supplied with the 3-phase 115V AC voltage, 400 Hz are not in the common use.
The answer lies in the properties of electric insulation and associated operational safety. One has to keep in mind that electric fuel pumps represent components of the fuel supply system. Some types of these pumps are directly immersed in fuel. Any breakdown of insulation in such pumps in vicinity of fuel fumes may easily end up with a disaster. The reality of the risk is evidenced by the crash of the Boeing 747 aircraft in 1996 as well as the regulation issued by the Federal Aviation Administration [13] in August 2002 related to breakdowns of windings in fuel pumps installed on board of Boeing 737 aircrafts (models 600, 700, 800, 900) a well as Boeing 747 and 757 types (series 60B89004-14 and60B92404-8). The regulation specifies the minimum amount of fuel that must be present in each fuel tank during aircraft flights (fuel covers the components of electric pumps and prevents from the access of air to the device). The regulation also enables to switch on electric pumps in center wing fuel tanks (CWT) only for steady horizontal flight, i.e. during rapid take-off climb with incompletely topped up center wing fuel tanks it is recommended to switch the electric fuel pumps off. It was also banned to reconnect fuses (circuit breakers) of fuel pumps after they have been tripped as well as to switch the pumps off shortly after their actuation. Such operations are associated with voltage surges that easily lead to insulation breakdowns. Speeding up the pump rotor driven by a DC motor is associated with dissipation of pretty much heat, much more than in case of pumps that are set in motion by means of AC motors. In addition, substantial peaks of electric current may appear when commutation circuits are being opened that may lead to wear of contacts due to formation of electric arcs.
Typical defects of electric fuel pumps of the Russian designs
So far, Air Forces of the Republic of Poland have been operating aircrafts that are provided with electric fuel pumps driven by DC motors. Low supply voltage (28V), high levels of design safety factors 1 as well as relatively low average number of flying hours (as compared to aircrafts operated in Western European Countries) are the reasons that no cases of insulation breakdown were recorded, neither of motor windings nor supplying cables. However, as the times go by and the number of flying hours for the aircraft in service increases, the mechanical defects of pumps, such as noisy operation or insufficient output pressure are recorded more and more frequently. As it was mentioned before, under specific circumstances such defects may lead to disastrous consequences for the pilot's safety. This is why the experts from the Air Force Institute of Technology deal with inspection of electric fuel pumps within the scope of projects dedicated to prolongation of aircraft service life. The acquired experience made it possible to issue bulletins [7÷10] for several types of pumps, where the methods are described how the technical personnel of air force units is able to inspect the pump.
To describe the most frequent defects it is first necessary to explain the design of a typical electric pump supplied from DC electric network (Fig. 1) . The two major components, i.e.
-mechanical centrifugal pump, ' -electric DC motor of the commutator type, applicable to avionic pumps of Russian design or a three-phase AC motor in case of American solutions sit on a common shaft sealed by means of a system of membranes and an o-ring. The body of the electric motor is encapsulated with a thin-walled cap that is tightly pulled over the motor stator. Thin walls of the cap enable easy transfer of heat from the electric motor to fuel where the motor is immersed.
Additional rotor cooling of the electric motor is provided by air flow down the bundle of electric supply cables. The frequent mistake of the aircraft servicemen is the failure to reinstall the gaskets in order to leave an air gap just nearby the electric connector of the pump cables.
Manufacturers of pumps seal the gap with a fibre gasket for the time of transportation and storage. Upon having the pump installed on board of an aircraft the gasket must be removed.
According to the past operation practice the pumps (except for several pump types) were not subject to any technical maintenance. Hence it is not a surprise that substantial amount of dirt from abrasion of carbon brushes was found inside pumps during inspections that have been recently carried out according to the technology developed by ITWL. Particular large amounts were deposited in ventilation ducts of the pumps. Excessive amount of carbon dust leads to increased sparking during at commutation moments of a DC motor, elevated temperature of the commutation unit and, consequently, premature wear of brushes and the commutator segments. At a specific moment of time the commutator brushes are so short that clamping springs are incapable of depressing the brushes to the commutator segments with sufficient force. This is why ITWL experts suggested in subsequent bulletins, on the basis of long term observations and measurements performed during operation of the aircrafts, to define diagnostic categories for the units of carbon brushes individually for each type of electric fuel pumps - Table 1 . Typical vibrations that frequently occur during flights of aircrafts lead to increased sparking of the commutator, including even formation of the arc-over effect. It entails the growth of the commutator temperature and eventually results in deterioration of the commutator and brush unit. The temperature growth may be so significant that leads sometimes to melting of soldered connections within the rotor windings. Insulation mica plates installed between commutator segments is immersed about 0.6 mm to 0.8 mm below the plane of commutator face pads may emerge and protrude outside. It is also necessary to add that the hardness of mica much exceeds the hardness of copper and protruding of mica plates initiate the process of so called 'milling' of brush faces. It leads to even higher temperature growth of the commutator and brush unit, more intense wear of brushes and more intense sparking. Only a small leak through the pump casing and some fuel fumes are enough to provoke a tremendous disaster.
Inspection of electric pumps carried out at ITWL laboratories revealed several degrees of deterioration as described in this paper. They are getting more and more intense, proportionally to the overall flight time of these devices. Electric fuel pumps installed in fuel tanks suspended from aircrafts are probably exposed to exceptionally high amplitudes of vibrations, which is evidenced by abrasive wear of the electric cables within the supplying bundle for pumps of that type (Fig. 4 and 5) . 
Monitoring of electric fuel pumps in the USA
Engineers from the Oak Ridge National Laboratory developed the Electric Status Analyzer (ESA) designed for detection of deterioration processes of electromechanical equipment. The developments were inspired by the patent description [2] . The basic subassemblies of that device include an analyzer of harmonic content in input (for electric motors) and output (for generators) voltages and currents. The system makes it possible to detect mechanical or electric failures and find locations of such defects. Consequently, it enables the maintenance staff to early undertake necessary preventive measures with respect to further operation or maintenance of repairs. The programmers who developed the system software not only benefited from frequency spectrum lines for currents and voltages but also from waveforms of these currents and voltages in the time domain. Both forms suitable for imaging of electric parameters are compared against pattern waveforms and spectra, typical for various defects of the specific pump types. The research studies revealed the feasibility to find locations for the broken pump shaft, failure of the bearing unit and many others.
The developers of the ESA system set off from the assumption that all defects (electric and mechanical ones) as well as symptoms of the machinery wear are reflected in the spectrum of harmonics for voltage and current amplitudes. Most of examples that are presented below refer to diagnostics of driving units provided with electric generators. The authors of this paper, based on their longterm investigation experience are in position that the received signal are considerably interfered and distorted since they base on amplitude modulation (AM) of voltage and current waveforms. The method that is suggested by the ITWL researchers involves the frequency modulation (FM) and seems to be much more efficient with respect to diagnostics of mechanical faults.
Capacities of ITWL to diagnose electric fuel pumps
Researchers from ITWL embarked on intense efforts to find out the method that enables monitoring of electric fuel pumps by means of various methods, including the FDM-A approach [1, 3÷6] . The method is based tracking of FM (frequency modulation) of output signals superposed with output voltage of AC (alternating current) generators. But anyway the question arises how to embed a generator into an electric fuel pump so that to enable measurements of frequency variations. The proposed method of monitoring benefits from generator operation mode of an electric motor (Fig. 6 ) that behaves as a generator (Fig. 7) during time periods of so called motor rundown. For a DC motor it is a very simple change since it is an electrically reversible machine.
The basic operational component of the presented diagnostic system is a tester that automatically checks status of the pump for the following defects: a) shorts in the motor windings, b) breakdown of capacitors, c) disconnection of capacitors from the electric circuit, d) soundness of winding insulations, e) failures of the commutator and brush unit 2 , f) wear of antifriction bearings, g) damage to turbine blades of the pump, h) eccentricity or misalignment between the rotation axis of the pump rotor and the central line of the electric motor stator, i) overall level of the pump friction. 2 It is possible to find out whether commutator segments are free of mutual shorts, whether carbon brushes are sufficiently depressed to the commutator surface, whether no radial run-out of the commutator occurs, etc.
FDM-A
Shorts in windings or breakdowns of capacitors are manifested by the resonance frequency bias 3 of the pump at the pump input during the motor mode of operation. The effect can be observed during operation of the electric motor for the pump or during the rundown periods for the generator mode of the motor operation. Such measurements can be carried out by means of a technical method when the pump is supplied from an automatically adjustable generator of acoustic frequencies with the frequency range from 1 to 30 kHz and the electric current is measured. The input frequency of such a test circuit shall be adjusted as long as the input frequency is found when the electric current value is the highest (serial resonance) or the lowest (parallel resonance). Simultaneously, the short conditions shall be monitored by examination of variances in pulsation, which leads to the following findings: -pulsation associated with the generator (motor) grooves prevail for noshort conditions (Fig.8 ), -in case of shorts the pole-related pulsation prevail with additional high-level commutator pulsations nearby the waveform extremes ( Fig. 9 and 10 ), The status of insulation is automatically checked be measurements of the leakage current between the input terminals of the pump and its housing.
Failures of the commutator and brush units are easily detectable by means of the FDM-A method [1, 3÷6] . When commutation is incorrect, due to insufficient clamping force of carbon brushes (e.g. because of their wear or jamming in brush holders), typical stochastic decaying 'excitations' (oscillations) appear on the waveforms for instantaneous frequencies.
Wear degree of antifriction bearings can be also monitored by means of the FDM-A method. Such defects as e.g. failures of the bearing race are manifested by characteristic drops of the rotor rpm within the timing that corresponds to one full revolution of the pump shaft.
Owing to the FAM-C method detection of damage to turbine blades is possible even if the pump is operated on board of an aircraft since typical modulations are visible on the frequency waveforms with the disturbance period that is equal to the product of the full revolution time for the turbine rotor and the number of turbine blades.
Eccentricity or misalignment within the pump unit shall be exhibited by characteristic modulations superposed to waveforms for instantaneous values of frequency:
-eccentricity -by the first harmonic of the rated rpm, -misalignment -by the first subharmonic of the rated rpm,
In addition it is possible to determine the overall level of friction by measurements of the rundown time for the pump -the longer the rundown time, the less the overall friction level. The assessment of technical condition demonstrated by antifriction bearings is also feasible, similarly to the method that has been applied to TS-11 'Iskra' aircrafts. The authors, based on the analysis of modulation parameters transmitted from the on-board DC generator are capable of determining the technical status of bearing supports for SO-3/3W engines [12] .
Conclusions
Electric fuel pumps, as it can be inferred from recent information in western countries publications, under some specific flight conditions may be a reason for faulty operation of propelling engines or even for explosion of fuel fumes that sometimes leads to disastrous catastrophes. Aircrafts manufactures in Westerns European countries and in the USA are provided with fuel pumps that are supplied with 115/208 V AC voltage whilst the manufacturers from Eastern Europe prefer 28 V DC voltage for their pumps. The first type of pumps feature with sub-stantially (nearly twice) lighter weight and smaller dimensions, but elevated voltage (115/208 V) entails more frequent breakdowns of winding insulation as compared to pumps supplied with low (27 V DC) voltage. The higher AC voltage also triggers off ionization of air, which even more increases the risk of electric breakthrough and arc discharge. Such conditions, combined with the environment of fuel fumes and lowered atmospheric pressure (associated with the altitude increase) may easily lead to explosion of fuel fumes in tanks.
Mechanical defects are similar for the both systems -fractures of shafts, failures of bearings. The paper presents the American system for monitoring of the pump technical status based on the conventional analysis of harmonic content in voltages and currents. Also the proposal of an innovative diagnostic solution is revealed, where the system was developed at ITWL with use of the FDM-A method. Common application of a tester for fuel pumps operated in accordance with the FDM-A method to Air Forces of the Republic of Poland would substantially improve safety of all operated aircrafts owing to the possibility to assess technical status of fuel pumps on the current basis and eliminate of considerably suppress the risk of their failures during aircraft flights.
